The paper aims at wind tunnel tests and aerodynamic calculations and analyses of three atypical footbridges designed and built recently in Poland. It is divided in two parts: 1. Part one which is devoted to an arch footbridge over a motorway in Katowice. The structure consists of curved in plane, circular reinforced concrete span, suspended to an inclined steel parabolic arch; 2. Part two which concerns two footbridges over Vistula River in Cracow. The first footbridge ("Kazimierz-Ludwinów") has two arch reinforced concrete decks which are suspended to the complex arch pipe (two concentric steel pipes filled with concrete) in the middle. The other footbridge ("Kazimierz-Podgórze") consists of three reinforced concrete decks: two of them of arch shape for pedestrians and bicycles and in the middle there is a sinusoidal deck for pedestrians only. Basing upon theoretical and experimental results, conclusions concerning ultimate and serviceability limit states with respect to human comfort criteria for the analysed footbridges have been formulated.
Introduction
All wind tunnel tests were performed in a boundary layer wind tunnel of the Wind Engineering Laboratory at the Cracow University of Technology (Figure 1) .
A footbridge response to wind action has been calculated on the basis of quasi-steady theory (Flaga (1994) , Flaga (2008) ) with use of own computer software AeroDynBud developed in the Department of Structural Mechanics of the Lublin University of Technology (Flaga (2008) , Flaga (2011) ). This computer program is based on commercial FEM system ALGOR.
Three different models of the structure have been used:
x FEM model used in ALGOR;
x Rough model with so-called superelements connecting in supernodes;
x Generalized model based on representative mode shapes. The rough model has been introduced due to wind action definition, which is based on wind tunnel tests or procedures obtained from standards, where this action is related to the section of structure. The third model enabled the degrees of freedom reduction to the number of representative mode shapes in analysed case.
On the basis of different vibration comfort criteria encountered in several papers and standard documents -authorial proposals of vibration comfort criteria for pedestrians on footbridges in case of wind-induced vibrations have been elaborated and presented in Figure 2 (Flaga (2011), , Flaga et al. (2007) , ). ).
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Further considerations concern the first design version of this footbridge , , ). The structure consists of curved in plane, circular, of radius 125,0 m, reinforced concrete span, suspended to a parabolic arch, deflected from vertical direction of about 20,5q. Theoretical span of the deck (length of the circular arch measured in the middle of the deck) achieves 96,6 m. Theoretical span of the steel arch of radius of about 42,7 m equals 100,1 m. The suspension system consists of 17 cables placed in 5 meters distance from each other. The cross-sections of the steel arch and of the reinforced concrete deck with the main dimensions in millimeters are presented respectively in Figures 4 and 5. 
Wind action model
Wind action has been modelled with use of the following formulae based on quasisteady theory: Turbulent wind action has been calculated with use of the results of wind velocity field simulation (Flaga (2008) 
where: ne X -absolute value of the normal component of the mean speed wector.
Non-linear response of the footbridge under static wind action and other static actions has been calculated in the first stage. The shape of deflected structure as the result of static actions obtained in static non-linear analysis is treated as the equilibrium position in linear modal analysis and in dynamic simulation.
The dynamic component of the wind action can be obtained from the relationship:
where W is the static part of the wind action W .
It is assumed that the general nodal displacements q(t) are approximated by a linear combination of the mode shapes:
Taking this into account, a system of coupled equations of motion can be obtained:
where: Similar procedure has been used to obtain internal forces in the m-th structure member:
where mi Q is the internal force coming from generalized inertial forces associated with the ith mode shape which act statically and m Q is the internal force from static non-linear analysis.
Schematic progression of calculations is presented in Figure 6 . (Flaga (2008) , Flaga and Bęc (2005) ).
Modal analysis of the footbridge
A few natural frequencies and mode shapes for the footbridge have been calculated with the help of the linear module of the ALGOR program, which is called SSAP1. It uses subspace iteration in order to obtain spectrum of natural frequencies and mode shapes. The three lowest mode shapes, presented in Figure 7 , have been taken into account in further analysis. Damping features of the analyzed structure have been described by the logarithmic damping decrement Δ equals 0.04.
Wind tunnel tests of a sectional model of the footbridge deck
Wind tunnel tests of a sectional model of the footbridge deck have been conducted to obtain the aerodynamical force coefficients as functions of an angle of wind inflow on the deck structure ).
A model in scale of 1:50, using in wind tunnel tests, has been made of plywood, steel and epoxide resin.
The experiments have been performed for two situations, A and B, connected with various mean wind direction inflow on the sectional model. Schemes of A and B situations are presented in Figure 8 . The way of definition of aerodynamical coefficients
where: P x (α) -aerodynamic drag force; P y (α)-aerodynamic lift force; M z (α)-aerodynamic moment; ρ-air density; q-dynamic pressure of air inflow; B-width of the deck model equals 0,195 m.
Using the measured functions: C x (α), C y (α) and C m (α), for situations A and B, the two sets of six aerodynamical coefficients have been determined according to the following formulae:
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The sets of aerodynamical coefficients suitable for situation A and B, obtained during the wind tunnel tests, are presented respectively in Table 1 and Table 2 . 
Computer simulation of stochastic wind velocity field
A stochastic wind field, using in theoretical analysis, has been generated by a computer procedure, using Weighted Amplitude Wave Superposition method based on Shinozuka-Jan algorithm which enables a generation of correlated stochastic time series in many spatial points simultaneously. Kármán model of the wind speed power spectrum has been used for simulated processes. 
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Fig . 9 An example of three components of wind velocity u(t), v(t), w(t) obtained as a result of numerical simulation for the footbridge building site in the region of the middle part of the deck -the mean wind velocity on the height z=10 m over terrain has been equaled to 25 m/s
Aerodynamic calculations and exemplary results of theoretical analysis
Computations have been executed for two situations A and B presented in Figure 10 . 
K-33
In Tables 3 to 6 , static and maximum dynamic values of the x, y, φ z displacement components for the highest point of the steel arch and the middle cross-section of the footbridge deck for situations A and B (various mean wind inflow direction) in tree analyzed cases (various values of mean wind velocity) are put together. Table 5 : Characteristics of time series of x, y displacement components of the highest point of the steel arch 
Wind tunnel tests of an aeroelastic model
Model manufacture
A starting point for considerations was assuming a geometrical scale of similarity, depend on dimensions of the working section of the wind tunnel. A model in scale of 1:50 has been made. It has been succeeded to fulfill similarity criteria for inflowing air with respect to mean wind profile and turbulence. Fulfillment of the kinematic Strouhal number has been the most important thing in investigations. It has been done by setting scale of velocity. Reynolds condition has not been achieved, but it is insignificant for such shape of structure. The model fulfils similarity criteria with respect to mass and moment of inertia for the span and for the arch and longitudinal stiffness similarity for cables. Additionally similarity of whole model stiffness (i.e. globally) has been fulfilled, what allowed to realize similarity requirements for two most important -in considered investigations -mode shapes.
During the model design, the emphasis was placed on using the most basic materials and manufacture methods (comp. Figure 12 ). Plywood and solid wood have been used as basic materials. The deck has been loaded with additional steel elements distributed in such a way that the criterion of moment of inertia has been achieved (comp. Figure 13) . Experimentally chosen suitable dumping rubber elements of a different width, permitted to obtain a desired dumping level of the model (Figure 14) . Cables has been made of nylon monofilaments (1,2 mm diameter), which ensure both geometrical and longitudinal stiffness similarity. Tension in cables can be precisely regulated. For global stiffness adjustment, a special suspension system attached to the bracing block has been made. The bracing blocks allowed to anchor the arch and the deck.
During the model investigations, two of natural vibration forms of frequencies 7,14 Hz and 20,15 Hz have been gained, which correspond to mode shapes of frequencies 0,86 Hz (the first mode shape) and 2,03 Hz ( the third mode shape) of real structure.
A view of the aeroelastic footbridge model in the wind tunnel working section is presented in Figure 15 . 
Description of investigations and examples of test results
The model investigations contained: 1) determination of the structure response (i.e. accelerations and displacements) due to buffeting; 2) determination of the aerodynamical forces and moments transmitted to foundations; 3) analysis of the structure response with respect to undesirable aeroelastical and aerodynamical phenomena occurrence (i.e. flutter, critical vortex shedding or galloping).
Vertical mean wind profile and respective turbulence intensity have been generated by appropriate surface roughness elements i.e. barrier, spires and blocks. Typical mean wind profile and turbulence intensity profile obtained in wind tunnel, for blocks of 10 cm height and mean inflow velocity of 4 m/s at the level of the footbridge deck -what corresponds to 20 m/s in real scale -are presented in Figure 16 . Model damping analysis consists in recording of damped free vibrating structure responses and data numerical processing (i.e. filtering of higher frequencies, localization of extreme, determination of logarithmic decrements of vibration damping, averaging of results).
Results of analyses of logarithmic decrement of vibration damping Δ for different levels of model damping obtained for two types of rubbers -assumed in experiment as additional damping elements of the model -are given in Figure 17 . Owing to accelerometers fixed in the middle of the model arch and of the deck, peak acceleration (a max ) and rms acceleration (a rms ) have been measured as well as vertical displacements of the deck using deflection sensor. The deflection sensor permitted to determine both static (y stat ) an dynamical components of the model response.
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Signal processing of the recorded accelerations enabled determination of velocities and displacements of the vibrating model according to the following procedure:
1. Double integration of acceleration signal to assume velocity and displacements of the model connected with removing of linear and parabolic trends in signals, 2. Low-pass filtering of the obtained signals to exclude additional noises caused by acceleration transducers. In such a way, values of peak displacements (y' max ) and rms displacements (y' rms ) around statical deflections have been obtained. In numerical data processing power spectral density functions of wind velocity as well as of accelerations and displacements have been also received (comp. Figures 18 and 19) . 
Comparison of model testing results and numerical results
The comparison of numerical calculations results and experimental results obtained in model wind tunnel investigations are presented in Table 7 for the arch and in Table 8 for the deck of the footbridge. 
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Conclusions
Basing upon the obtained results, following general conclusions can be formulated: 1. Despite of the complexity of the analyzed structure from the point of view of geometry and structural solutions, it has been succeeded to realize aeroelastic model of the footbridge, which fulfils the most important similarity criteria. 2. Neither self-excited aeroelastic vibrations nor critical vortex shedding have been noticed. 3. Atmospheric turbulence is the most important phenomenon causing vibrations of the footbridge.
Values of vibration acceleration obtained in analyses do not exceed the admissible ones.
The vibration comfort criteria -in case of dynamic wind action -have been fulfilled.
Aerodynamics of Atypical Footbridges
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PART II -TWO FOOTBRIDGES IN CRACOW
Short description of geometrical and structural features of the footbridges
The axonometric view of the footbridge "Kazimierz-Ludwinów" is presented in Figure 23 . This footbridge has got a single span which consists of three main steel elements: two outer arch-shaped girders of box cross-sections, and inner sinusoidal deck with box crosssection. The connection between girders and the deck is realized by steel rod hangers and posts of box cross-sections. Both girders are designed for traffic of pedestrians and bicycles whereas the deck is designed for pedestrians only. Main dimensions of the footbridge are The view of the footbridge "Kazimierz-Podgórze" is presented in Figure 24 . It has a single span. The main carrying elements of the footbridge are two concentric arch steel pipes. The space between two pipes is filled with concrete, so it can be considered as a complex pipe. Two outer reinforced concrete decks are supported by several crossbars, which are suspended with use of hangers to the complex pipe. Main dimensions of the footbridge are "Kazimierz-Podgórze"
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Wind action models
General assumptions
In general, analyses of both structures are based on the quasi-steady theory and they follow measurements performed in the wind tunnel. All measurements have been performed in Wind Engineering Laboratory in Cracow, Poland. Aerodynamic coefficients have been measured as the functions of wind attack angle . This has created the basis for dynamic wind action models which are different for each footbridge. The full model of the footbridge in the wind tunnel accompanied by one of the sectional models and exemplary functions of aerodynamic coefficients are presented in Figures 25 and 26 for "Kazimierz-Ludwinów" and "Kazimierz-Podgórze" footbridges, respectively. Numerical FEM models of both structures have been created and analyzed with use of ALGOR and own software. Simulation of the turbulent wind field has been performed in selected 40 "supernodes" in the case of "Kazimierz-Ludwinów" and in 81 FEM nodes in the case of "Kazimierz-Podgórze". Particular combination of FEM nodes is considered as a "supernode". Moreover, the following parameters have been assumed in the generation of the wind field according to WAWS method: 1) number of time steps -8192; 2) time step length -0.01 s; 3) spectrum resolution -0.02 Hz; 4) number of spectrum bands -100. An example of simulated wind field is presented in Figure 27 .
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Flaga Andrzej Fluctuating, time varying load acting on "superelement" or element has been determined on the basis of three components of wind speed vector. Three components of wind load: drag W x (t), lift W y (t) and moment W m (t) have been calculated according to the quasisteady theory (Flaga (1994) , Flaga (2008) 
where: ρ -air density (ρ = 1,23 kg/m3), V(t) -wind speed component perpendicular to the footbridge axis calculated as: 2 2
V t u t w t (17)
u -component of temporary wind speed coincident with mean wind direction (along-wind component), w -vertical component of temporary wind speed, D -characteristic dimension of the footbridge assumed in wind tunnel experiments. The value of aerodynamic coefficient at each time step were determined as the function of temporary angle of wind attack D(t) = tan -1 (w(t)/u(t)) on the basis of wind tunnel results. Dynamic wind forces based on wind field simulation have been calculated and then decomposed to the respective model nodes. As the result, displacements in chosen nodes of the structures have been obtained. The whole procedure is described in details in Bęc et al. (2010) , Flaga et al. (2010) , Lipecki et al (2010) .
Footbridge "Kazimierz-Ludwinów"
FEM model created in ALGOR has been composed of beam 2-D elements. Numerical model consisted of 490 elements and 338 nodes. All structural memebers of the footbridge have been modeled: two outer arch-shaped girders, inner sinusoidal deck, hangers and posts, transverse beams connecting girders and elements stiffening inner deck. The nodes localization in single cross-section of the footbridge and FEM model of the whole bridge are presented in Figure 28 . Numerical modal analysis of structure has been performed first as the introduction to the dynamic analysis. Three first frequencies with mode shape description are collected in Table 9 . Simulation of the turbulent wind field has been performed in selected 40 "supernodes" of the footbridge. One cross-section of the FEM model with four nodes (two on girders, two on the deck) has been assumed as a "supernode" - Figure 29 . Time-dependent aerodynamic forces have been calculated in each "supernode" then decomposed and applied in 160 nodes of FEM model (four nodes in each "supernode"). The following rules have been assumed in time-dependent forces decomposition procedure: 1) Aerodynamic drag was divided proportionally to the height of footbridge elements.
2) Aerodynamic lift -similarly to the procedure for drag force 3) Aerodynamic moment against balance axis has been produced by irregular distribution of horizontal forces while vertical forces did not produce any moment These assumptions' application is presented in Figure 30 . As for the first footbridge, numerical modal analysis of structure has been performed first. Three first frequencies with mode shape description are collected in Table 10 . Simulation of the turbulent wind field has been performed in selected 81 points of the FEM model -2 points in the connection between decks and crossbars and 1 in arch pipe cross-section center in 27 footbridge cross-sections (comp. Figure 31 ). Time-dependent aerodynamic forces acting on footbridge decks have been calculated according to Eqs (14) -(17). Moreover, local temporary coordinate systems connected with temporary wind direction have been established during each step of calculations for an arch pipe. Three components of wind speed: tangent, normal (perpendicular to arch axis and lying in the plane defined by temporary wind speed direction and arch axis) and binormal have been determined. As a consequence of such a coordinate system, the binormal component is equal to zero during each step. A normal component of wind action has been calculated from the equation: W n (t) = 0.5Uv n 2 (t)C n D, where v n -normal component of temporary wind speed, C n -aerodynamic coefficient for circular cross-section of the arch pipe, D -dimension of arch cross-section. Tangent component had negligible influence on overall wind action so it has been omitted in calculations. In further aerodynamic analysis, components of wind action derived in a local coordinate system have been recalculated to general forces in the global coordinate system and applied to the footbridge. The distribution of general forces in cross-section is presented in Figure 32 . 
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Aerodynamic drag
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Exemplary results and analyses
Several calculations have been carried out using ALGOR software for the "KazimierzLudwinów" footbridge.. Dynamic simulation of wind action has been performed by using our own software and ALGOR. Direct integration of motion equations and alternatively modal superposition methods have been used in computational procedures. Displacements in three directions, internal forces, stresses at each time step have been obtained. Maximum displacements of the footbridge in horizontal direction (along mean wind) and vertical direction are presented in Figure 33 . Only displacements caused by dynamic wind action are presented in this figure. Figure 34 .
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Vortex excitation of the arch pipe has been also examined in calculations of "Kazimierz-Podgórze". Two cases of vortex excitation along an arch pipe have been considered: 1) excitation in the antisymmetric bending mode shape of arch vibrations (3 rd mode shape f 3 = 0 .7088), 2) excitation in symmetric bending mode shape of arch vibrations (5 th mode shape f 5 = 1.1301 Hz). Nodal dynamic forces induced by dynamic vortex excitation have been applied to the FEM nodes simultaneously with dynamic forces induced by dynamic wind action (with respective wind speed). As before only displacements caused by dynamic wind action and dynamic vortex excitation are presented in Figure 34 . dynamic wind action (along mean wind displacements) dynamic along-wind action and dynamic vortex excitation in 3 rd mode shape along mean wind direction vertical direction dynamic along-wind action and dynamic vortex excitation in 5th mode shape. along mean wind direction vertical direction Fig. 34 Maximum footbridge "Kazimierz-Podgórze" displacements obtained in simulations
Comparison of displacements is compiled in Table 11 . As it can be noticed dynamic wind action in both cases is of secondary importance. 
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Pedestrian vibration comfort under dynamic wind action
For both footbridges pedestrians comfort criteria have been examined in accordance with authorial comfort criteria presented in Figure 2 .
In case of the"Kazimierz-Ludwinów" footbridge, maximum amplitudes in horizontal, along mean-wind direction (y) and vertical direction ( Time histories of acceleration in the "Kazimierz-Podgórze" footbridge nodes have been obtained from a direct integration of motion equations. Time variations of accelerations have been obtained and spectral analysis has been performed in selected nodes of the footbridge and on this basis power spectral densities have been determined. Dominant frequency components have been estimated from PSD plots and then digital filter has been applied to time histories of acceleration. RMS values of accelerations have been calculated for filtrated time histories. Similar calculations have been executed for several points of the footbridge and three directions. Obtained accelerations are much lower than boundary comfort values according to Flaga and Pańtak. So, the influence of vibrations caused by dynamic wind action on pedestrians is small. All calculations have been carried out for wind speed equal to 22 m/sec. Comfort criteria has been also examined for wind conditions under vortex excitation. Exemplary time variation in node lying on windward deck (point 199 -in the middle of the footbridge) in x direction (along mean wind) is presented in Figure 35 . An example of spectral analysis is presented in Table 12 where f l and f d are lower and upper frequencies of the filter. 
Conclusions
Basing upon the obtained results, following general remarks and conclusions can be formulated: 1. The quasi-steady approach has been successfully applied to the model of dynamic wind action on two footbridges of different shape. Special numerical procedures have been created to calculate wind action as well as structure response in both cases. 2. On the basis of aerodynamic analysis it can be stated that for both structures the dynamic wind action is of secondary character. Displacements obtained in calculations are small in comparison with displacements caused by dead weight. 3. Pedestrians wind comfort is fulfilled with significant reserve. 4. Taking into account wind tunnel tests, footbridge dynamic characteristics and its geometry, aeroelastic vibrations like galloping, flutter and critical vortex excitation should not appear in the case of "Kazimierz-Ludwinów" footbridge. 5. On the basis of wind tunnel tests performed for "Kazimierz-Podgórze" footbridge it can be stated that the influence of decks distance variation on aerodynamic interference is small and can be neglected in the estimation of footbridge response under the dynamic wind action. 6. The influence of the dynamic action of vortex excitation along an arch pipe on footbridge response is also small for this footbridge.
